The pharmacokinetics in patients with end-stage renal disease (ESRD) is quite different from that in patients with normal renal function. Numerous approaches are undertaken to appropriately adjust the dosage regimens of renal excretory drugs in ESRD patients because the systemic exposure in this population unexpectedly increases and frequently causes adverse events. In contrast, hemodialysis sometimes results in an inadequate decrease of the plasma drug level from the therapeutic range.
The pharmacokinetics in patients with end-stage renal disease (ESRD) is quite different from that in patients with normal renal function. Numerous approaches are undertaken to appropriately adjust the dosage regimens of renal excretory drugs in ESRD patients because the systemic exposure in this population unexpectedly increases and frequently causes adverse events. In contrast, hemodialysis sometimes results in an inadequate decrease of the plasma drug level from the therapeutic range. [1] [2] [3] [4] Consequently, pharmacokinetic information for ESRD patients is requisite in the process of new drug development in order to ascertain the effect of renal failure on tolerability and exposure and to determine the dosage regimen. 5) However, the clinical study of ESRD patients has not often been performed due to difficulties with patient enrollment. In such cases, prediction of the pharmacokinetics might be an alternative to clinical studies and provide useful information for optimizing the dosage regimen.
Modeling and simulation have been explored by many scientists, 6, 7) and recently virtual clinical trials based on pharmacokinetics and pharmacodynamics (PK/PD) modeling and subsequent simulation have been employed for decisionmaking in drug development prior to cost consuming phase III/IV trials. 8) In particular, this kind of methodology is informative for the development of antibiotic agents, since there is clear evidence that the pharmacological effect is well correlated to some PK/PD parameters. 9, 10) Hemodialysis is a physical process that can be described by a mathematical model. 3, 11) There are many factors affecting drug removal during hemodialysis, including molecular weight, lipid and water solubility, surface area, porosity of the dialysis membrane, blood and dialysate flow rates, protein binding and red blood cell partitioning. Even though some methods were previously developed considering these factors, they are complicated for clinical use. Thus, we are trying to develop a simple method based on several assumptions. Utilization of the chemical structure and pharmacokinetic relationship can be a useful approach for the prediction of pharmacokinetics. 6) For example, apparent oral clearances in humans could be adequately extrapolated from animal data, while the structural parameters could be evaluated by a multivariate analysis of various drugs selected in view of their structure, molecular weight, partition coefficient, number of hydrogen bond acceptors, pharmacological activities, and pharmacokinetic characteristics. 12) Antibiotics are suitable for this approach because they are diverse enough to evaluate the method in terms of various physicochemical and pharmacokinetic properties. 13) The purpose of this study was to provide a new method for the prediction of pharmacokinetics in ESRD patients and to confirm its validity and applicability using an experimental renal failure model. In Vitro Hemodialysis Several antibiotics were dissolved in 4% HSA solution to give a concentration of 100 mg/m1. Hemodialysis was performed using an NCU-3 hemodialysis apparatus (Nipro Corporation, Osaka, Japan) with a cellulose triacetate hollow-fiber dialyzer (FB-150G; Nipro Corporation, Osaka, Japan). The dialysate and solution flows were set at 500 m1/min and 200 m1/min, respectively. The HSA solution was sampled at the outlet of the dialyzer 5, 10, and 15 min after starting the operation. The drug concentrations were measured and the extraction rates (E) were determined as the mean of each time point as follows:
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where C inlet is the initial concentration and C outlet is the concentrations collected at the outlet of the dialyzer.
Prediction of Pharmacokinetics in ESRD Patients
The total body clearance (CL T ) is the sum of the renal clearance (CL R ) and the non-renal clearance (CL NR ), and CL R is determined by multiplying CL T and the renal excretion ratio (Xu). CL R in ESRD patients can be set as zero because their renal function has almost vanished. Thus, the off-hemodialysis clearance (CL off ), the total body clearance in ESRD patients without hemodialysis, could be equal to CL NR , and could be expressed as follows:
On the other hand, the hemodialitic clearance of the instrument (CL inst ) is expressed as follows:
where E, Q and Hct are the in vitro extraction ratio, blood flow rate and hematocrit, respectively. All these values are fixed depending on the drugs, while Hct is usually maintained in most ESRD patients at approximately 0.3 due to the basal treatment of erythropoietin.
14)
The on-hemodialysis clearance (CL on ), which is the total body clearance in ESRD patients during hemodialysis, is the sum of CL off and CL inst , and can be determined using the following equation:
To evaluate the predictability, the estimated CL off and CL on were compared with the observed values in the literature. 1, In Vivo Hemodialysis Study in Dogs Four beagles obtained from Narc (Chiba, Japan) were housed in a temperature-and humidity-controlled room with free access to water. The dogs were handled in accordance with the Guidelines of the Ethics Review Committee for Animal Experimentation of Sankyo Co., Ltd.
A combination of cefmetazole, cefoperazone and cefotaxime (40 mg/kg each) was administered intravenously to the dogs. Blood samples were collected at 5, 15, 30, 60, 90 and 120 min and urine samples were collected for 0-120 min after injection. Plasma samples were separated by centrifugation of the blood samples.
After two weeks of withdrawal, 15 mg/kg of mercury chloride was administered subcutaneously to each dog in order to induce acute renal failure.
37) The blood urea nitrogen (BUN) and serum creatinine were monitored as markers of renal function up to 7 d and the induction of acute renal failure was confirmed. The same combination of antibiotics (40 mg/kg each) was administered and blood samples were obtained at 5, 10, 20, 30, 45 and 60 min after injection. Hemodialysis treatment was started after the last sampling point using an NCU-3 hemodialysis apparatus with an FB-30U dialyzer (Nipro Corporation, Osaka, Japan). The blood and dialysate flows were set at 30 and 500 m1/min, respectively. 38, 39) Blood samples were collected at 5, 15, 30, 45 and 60 min after the beginning of hemodialysis. The blood samples were centrifuged to separate the plasma and kept at Ϫ20°C until analysis.
Pharmacokinetic analysis was performed using WinNonlin (version 4.1, Pharsight, Mountain View, CA, U.S.A.). The plasma concentrations of the normal dogs were fitted to a conventional one-compartment model, and CL T and distribution volume (V ) were determined. Xu was obtained as a product of the drug concentration and the volume of the bladder urine. The pharmacokinetic parameters of the acute renal failure dogs were computed using the same pharmacokinetic model except the clearance was switched according to the hemodialysis status, namely CL off and CL on . All data are expressed as the means or meanϮstandard deviations.
Analytical Method Concentrations of gentamicin, amikacin, tobramycin and vancomycin in HSA solution were determined using a TDx/FLx system (Abbott Laboratories, Inc., Abbott Park, IL, U.S.A.). The reagents for analysis were purchased from Abbott Laboratories Inc. (Abbott Park, IL, U.S.A.), except for teicoplanin, which was purchased from Seradyn, Inc. (Indianapolis, IN, U.S.A.). The analyses were precise and accurate, as defined in the operation manual.
The concentrations of other antibiotics in the plasma and HSA solution were determined using an HPLC-UV method. The system consisted of an Alliance 2690 Separations Module equipped with a 486 UV detector (Waters Corporation, Milford, MA, U.S.A.) set at 254 nm and Xterra RP18, 5 mm, 4.6ϫ150 mm (Waters Corporation. Milford, MA, U.S.A.). The mobile phase was a mixture of acetonitrile, distilled water and formic acid and the flow rate was 1.0 m1/min. The lower limit of quantification was 0.1 mg/m1, the precision was within 7.9%, and the accuracy ranged between 82.4% and 106%, which met the criteria for the current bioanalytical methods. 40) 
RESULTS
Prediction of Pharmacokinetics in ESRD Patients
Because the drug concentrations were consistent among sampling points, mean values were used for the extraction ratio ( Table 1 ). The extraction ratios of the b-lactams broadly ranged from 10.9 to 75.6%, while those of the other antibi-otics were almost consistent with their chemical class: 60.5-63.2% for fluoroquinolone, 48.8-51.1% for aminoglycoside and 18.7-25.6% for glycopeptide. The relationship between the extraction ratios and molecular weight is shown in Fig. 1 . The extraction ratio was loosely correlated with the molecular weight in the HSA solution.
The predicted and observed values of CL off and CL on are also shown in Table 1 and the relationships are shown in Fig.  3 . The predicted values coincided with the observed values and no bias was noted in the chemical class of antibiotics for both CL off and CL on .
In Vivo Hemodialysis Study in Renal Failure Dogs The biochemical parameters before and after the treatment with mercury chloride are shown in Table 2 . BUN and serum creatinine were increased and creatinine clearance was decreased after administration of mercury chloride, and these values were equivalent to those in dogs with severe acute renal failure. 41) Typical plasma concentrations of cefmetazole, cefotaxime and cefoperazone in a dog before and after induction of acute renal failure are shown in Fig. 3 . In the acute renal failure dogs, the plasma concentration decreased more slowly than in normal dogs, whereas fast elimination was found during hemodialysis treatment. The pharmacokinetic parameters of cefmetazole, cefoperazone and cefotaxime after intravenous administration are summarized in Table 3 . CL off was reduced from CL T , which was derived from the reduction of renal function with acute renal failure, and CL on was increased from CL off due to hemodialysis. The predicted and observed values were comparable but slightly different in cefoperazone. The distribution volume was consistent before and after the induction of acute renal failure. DISCUSSION PK/PD modeling and subsequent simulation are powerful tools to anticipate the efficacy and safety of drugs and, consequently, to accelerate new drug development by optimizing the trial design. 8) As pharmacokinetics is a reliable determinant, its adequate use by prediction will provide an alternative method to optimize the dosage regimen in a special population such as patients with renal impairment. One other methodology of prediction is based on allometric scaling, which focuses on the relationship between body weight and pharmacokinetic parameters in the several animal species. 6) However, this empirical approach cannot be applied to all drugs. 42) Another approach is to examine the structure-pharmacokinetic behavior relationship to extrapolate any specific 1456 Vol. 29, No. 7 parameters of interest for a variety of different drugs, and this method is considered to be more adequate. 12) In this study, we assumed that the off-hemodialysis clearance approximated the non-renal clearance, while the on-hemodialysis clearance was considered to be the sum of the offhemodialysis clearance and the hemodialytic clearance. The prediction of the pharmacokinetics in ESRD patients was evaluated based on allometry using 17 antibiotics. We previously demonstrated this idea for one carbapenem antibiotic, panipenem.
27) However, it was not known if this approach would be applicable to other drugs. The 17 antibiotics, which were categorized into 4 different chemical classes, namely, b-lactam, fluoroquinolone, aminoglycoside and glycopeptide, must be varied enough to demonstrate the applicability of the method to other drugs in view of both physicochemical and pharmacokinetic properties, such as the molecular weight and ionic form for the former, and the total body clearance and renal excretion ratio for the latter. As shown in Table 1 and Fig. 2 , CL on of most drugs were estimated within the range from half to double of the expected values, suggesting that this method would be applicable to a variety of drugs including most of the antibiotic agents used in this study. Although the precise reasons for the poor predictability of cefamandole and enoxacin are unknown, it might be too sim- The predicted values were obtained from the clearance of healthy volunteers in a previous study and the in vitro extraction ratio. The observed values are previously reported values. CL off : total body clearance in ESRD patients without hemodialysis, CL on : total body clearance in ESRD patients during hemodialysis. The solid line represents that of unity. plify to predict CL on and/or CL off by this method. A prospective study is an effective approach to test the predictability of a method, and the result could be extrapolated to humans since renal disease models in experimental animals reflect human diseases and pharmacokinetics. 43) As shown in Table 2 , the clearances in acute renal failure dogs could be estimated to some extent from the pharmacokinetic parameters obtained from the dogs before induction along with the in vitro extraction ratio.
As shown in Table 1 and Fig. 1 , the in vitro extraction ratios ranged broadly reflecting the diversity of molecular weight and protein biding ratio. The extraction ratios were determined mainly by the molecular weight, and the variety of extraction ratios found in b-lactams would be a consequence of broad protein binding ratios (4-89%).
In the case of drugs which are mostly excreted in the urine, the term of (1ϪXu) is assigned value of zero and thus Eq. (3) is reduced to:
This means that CL on can be fixed without any in vivo PK information. For example, CL on of cefmetazole, one of the drugs excreted mostly in urine, could be estimated close to the observed value. On the other hand, the prediction of drugs with lower renal recovery could be easily affected by the remaining non-renal elimination function. CL off and CL on might be overestimated due to the reduction of the cytochrome P450 content found in a chronic renal failure model of rats. 44) A high performance dialyzer, which could remove lowmolecular-weight proteins, namely b 2 -myoglobin, was used in this study, while most of the observed CL on was determined with a conventional dialyzer. The CL on of aminoglycoside, which have molecular weights of more than 1000, were slightly overestimated since conventional dialyzers were used. However, the CL on of glycopeptide were consistent to observed values because of the usage of high performance dialyzers. Recently, various kinds of new membranes, e.g. polysulfone, have been developed, 45) and for more accurate estimation, the in vitro extraction ratio should be determined using such dialyzers.
Differences have been noted in pharmacokinetic parameters other than the systemic clearance between healthy volunteers and ESRD patients. 1, 2) Although the distribution volumes of most drugs rise slightly because of water retention, these discrepancies were considerably smaller than the total volume of body fluid and as a result the influence of the pharmacokinetics would be limited. 4) A difference was also found in the protein binding due to the reduction of net protein content and accumulation of various kinds of uremic toxins in ESRD patients. Because drugs bound to protein cannot permeate hemodialytic membranes, the free drug concentration is important, in particular, for high protein binding drugs. In order to achieve a more accurate estimation in this situation, the extraction ratio should be adjusted in terms of the protein binding ratio.
In order to maintain the consistent efficacy of a drug, supplemental dosing during or after hemodialysis is sometimes required for ESRD patients. The drugs administered after hemodialysis to keep its concentration within the therapeutic range have low CL off and high CL on . If both clearances can be estimated properly, we can determine the necessity of supplemental dosing. Thus, prediction is useful in terms of supplemental dosing.
In conclusion, the on-and off-hemodialysis clearance in ESRD patients could be predicted from the pharmacokinetic parameters in healthy subjects and the in vitro extraction ratio of the hemodialysis apparatus. This method was simple and useful for optimizing the dosage regimen. As well, this method was considered to be applicable to various kinds of drugs with a variety of physicochemical and pharmacokinetic characteristics.
